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ABSTRACT 
A s tudy  on a c lean  tungsten (110) s u r f a c e  of t h e  angular  and 
energy dependence of e l e c t r o n  s c a t t e r i n g  by plasmons near  100 e V  
- shows w e l l  def ined d i f f r a c t e d  beams of i n e l a s t i c  e l e c t r o n s .  The 
. .  
p o s i t i o n s  of these  beans r e l a t i v e  ' to d i f f r a c t e d  elas t i c  beams 'sug- 
. .  
gests t h a t  plasmon s c a t t e r i n g  and d i f f r a c t i o n  are not  independent. 
I n t e n s i t y  v s .  vo l tage  maxima f o r  the  i n e l a s t i c  beams agree  i n  most 
cases w i t h  those  f o r  corresponding e l a s t i c  beams, although some 
d i f f e r e n c e s  are apparent .  
studies of electron-plasmon i n t e r a c t i o n  phenomena and a d d i t i o n a l  
in format ion  on LEED i n t e r p r e t a t i o n s .  . 
Possible '  apv l i ca t ion  of resu l t s  inc lude  
. 
. .  
_ .  . . .  * .  * .  * .. 
INTRODUCTION 
- .  
. The s tudy  of e l e c t r o n  s c a t t e r i n g  by plasmons a t  low energ ies  ord i -  
narily r e q u i r e s  d i f f r a c t i o n  o r  an in te rvening  s c a t t e r i n g  event  t o  r e t u r n  t h e  
electrons from t h e  sample f o r  observation. I n  add i t ion  t o  information on 
inelastic i n t e r a c t i o n s ,  such mul t ip le  processes  may a l s o  provide a u s e f u l  
a d j u n c t  t o  e las t ic  s c a t t e r i n g  i n  s t u d i e s  of t h e  d i f f r a c t i o n  process  i t s e l f .  
Previous 
scattered from s i n g l e - c r y s t a l  sur faces  i n d i c a t e s  t h a t  d i f f r a c t i o n  plays a 
on the d i s t r i b u t i o n  0.f low energy e l e c t r o n s  i n e l a s t i c a l l y  
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, s i g n i f i c a n t  r o l e .  These measurements were genera l ly  l imi t ed  t o  t h e  imnedi- 
ate  neighborhood of a few e l a s t i c  d i f f r a c t i o n  maxima, where i n t e n s e  i n e l a s -  
I , 
t i c  s c a t t e r i n g  with a r e l a t i v e l y  wide d i s t r i b u t i o n  of energy is  commonly 
. 
observed. 
d i f f r a c t i o n  p a t t e r n  remote from e l a s t i c  maxima, where the  plasmon l o s s  
I n  t h e  present  work, measurements are extended t o  regions of t h e  
maxima are found t o  be more d i s t i n c t .  I n  a d d i t i o n  t o  a broader scope, a 
clearer view of the  d i f f r a c t i o n  phenomena i s  obtained.  Tungsten (110) was 
chosen a s  the  s u r f a c e  f o r  i nves t iga t ion  because i t  has  been ex tens ive ly  
s t u d i e d ,  can be e a s i l y  c leaned,  and because a r ecen t  s tudy of t he  t o t a l  
s c a t t e r i n g  3 . .  i d e n t i f i e s  two pronoun,ced . l o s s  maxima from’ a . sur face  .and a vol- 
ume plasmon l o s s .  
repor ted .  




A schematic view of the  d i f f rac tometer  is given i n  Fig. 1. Elec t rons  
thermionica l ly  emi t ted  a t  the  tungsten f i lament  1 are ex t r ac t ed  from t h e  
.space charge regi.on J y the  e l ec t r ade .  3; focused by t h e  Wehnelt c y l i n d e r  2; . 
f 
. .  
and dece le ra t ed  a t  the  anode 4. Two p a i r s  of vertical  d e f l e c t o r s ,  6 and 7,  
0 .  
permit  accu ra t e  pos i t i on ing  of the beam i n  t h e  h o r i z o n t a l  p lane  of r o t a t i o n  
of t h e  c o l l e c t o r  9 ,  o r  s l i g h t l y  out  of t h i s  plane t o  c o r r e c t  f o r  minor 
sample misalignment. The v e r t i c a l  d e f l e c t i o n  obscures the f i lament  from 
the sample and a l s o  provides some monochromatization, g iv ing  a r e s u l t i n g  
beam energy-width of about 0.5 eV. 
m i t  h o r i z o n t a l  aiming. 
s t r i k e s  the  sample s u r f a c e  8, which i d e a l l y  conta ins  t h e  c o l l e c t o r  r o t a t i o n  
An a d d i t i o n a l  p a i r  of d e f l e c t o r s  5 per- 
Af t e r  t ravers ing  a coarse  l i m i t i n g  s l i t  t h e  beam 
2 
. . .  
I 
. .  
i ' a x i s .  Fine col-l imation is provided by a p a i r  of c i r c u l a r  c o l l e c t o r  aper- 
t u r e s  10,  which s e l e c t  a 1.3' cone of e l e c t r o n s  emerging from a l imi t ed  
area of the  sample. I The e f f e c t i v e  inc iden t  beam divergence i s  thereby 
. r e s t r i c t e d  t o  about 0.5', depending sonewhat on t h e  c o l l e c t o r  pos i t i on .  A 
high-reso lu t ion  r e t a r d i n g  l e n s  immediately preceding t h e  Faraday cy l inde r  
excludes e l e c t r o n s  with energ ies  less than a p rese l ec t ed  value.  The col- 
l e c t e d  e l e c t r o n  s i g n a l  is  amplified by a Cary model 36 vibra t ing- reed  
ampl i f i e r  and, a f t e r  f i l t e r i n g ,  is displayed on an XY r eco rde r  as a func t ion  
of e i t h e r  r e t a r d i n g ,  o r  primary bean vol tage .  
of anode'and v e r t i c a l  d e f l e c t i o n  vo l t ages  wi th  c o l l e c t o r  motion provides  
automatic  recording of i n t e n s i t y  vs. vol tage  da ta .  
e i t h e r  be set or va r i ed  continuously f o r  rap id  d i f f r a c t i o n  p a t t e r n  scanning 
A synchronized programming 
The sample azimuth can 
a t  normal inc idence  by r o t a t i n g  the  sample about i t s  normal, using the  
r o t a t i n g  d r i v e  15 coupled through t h e  manipulating rod 14.  
disengaged by means of the  s l i d i n g  d r i v e  16,  t h e  sample can be ro t a t ed  
about t h e  v e r t i c a l  a x i s  t o  s e l e c t  t h e  des i red  angle  of incidence.  For 
d i r e c t  observat ion of t h e  inc ident  beam, o r  f o r  sample c leaning ,  t he  sample 
may be withdrawn t o  t h e  p o s i t i o n  11. 
reverse s i d e  of the  sample wafer is provided by t h e  gun 13,  while  a gas 
s t ream can be d i r e c t e d  onto t h e  f r o n t  s u r f a c e  through t h e  nozzle  12 .  
d r i v e s  are magnet ical ly  coupled through t h e  vacuum envelope wi th  w e l l  con- 
c e n t r a t e d  f i e l d s ,  pe rmi t t i ng  angular s e t t i n g s  accu ra t e  t o  0.2O. A l l  d r i v e  
magnets a r e  e i t h e r  field-cornpensated or can be operated i n t e r m i t t e n t l y  t o  
with t h e  rod 
e 
Electron-bombardment hea t ing  on t h e  
A l l  
e l i m i n a t e  magnetic f i e l d  d i s t o r t i o n s .  
are of nonferromagnetic ma te r i a l s ,  p r i n c i p a l l y  s t a i n l e s s  steel. A freon- 
A l l  p a r t s  except t he  electromagnets  
cooled Orb-Ion pump and b a f f l e  provide a f i e l d - f r e e  working vacuum i n  the 
3 
I .  
I ' l o w  10-l' torr range af ter  sys t en  hakeout.  With t h e  a i d  of Ilelrnholtz 
j c o i l s  t h e  r e s i d u a l  magnetic f i e l d  i n  t h e  d i f f r a c t i o n  reg ion  i s  maintained 
~ 
a t  less than  20 m i l l i g a u s s .  
2, Sample 
The sanp1.e is a 3/8" diameter by .020" t h i c k  wafer,  which has  been . 
spark-cut from 110 o r i e n t e d ,  s i n g l e  f loat ing-zone r e f i n e d ,  tungs ten  s i n g l e  
c r y s t a l  obtained from Aremco. The s u r f a c e  f o r  s tudy was mechanically 
ground t o  w i t h i n  0.05 degrees  of t h e  (110) planes with t h e  a i d  of a Siemens 
x-ray d i f f r ac to ine te r  and a s p e c i a l l y  cons t ruc ted  j i g .  This  w a s  followed by 
mechanical p o l i s h i n g  and e l ec t ropo l i sh ing  t o  a mi r ro r  f i n i s h .  F i n a l  clean- 
i n g  was performed i n  u l t r a h i g h  vacuum by i n t e n s e  hea t ing ,  followed by oxi- 
d a t i o n  and deso rp t ion  i n  t h e  usual . u n t i l  t h e  c l ean  tungs ten  
d i f f r a c t i o n  p a t t e r n  was observed. As an a d d i t i o n a l  check on c l e a n l i n e s s  
t h e  secondary e l e c t r o n  spectrum was examined f o r  Auger peaks from poss ib l e  
contaminants,  and none w 2 r e  de tec ted .  However, t h e  s e n s i t i v i t y  w a s  con- 
s i d e r a b l y  Limited by t h e  small c o l l e c t o r  acceptance angle .  
3 
. .  . . . .  . .  
DISCUSSION AND RESULTS 
1. Elementary models 
. .  
A model f i r s t  proposed by Davisson End Gcrmer6 f o r  i n e l a s t i c  scatter- 
i n g  accompanied by d i f f r a c t i o n  is i l l u s t r a t e d  f o r  t h e  c a s e , o f  normal i n c i -  
dence i n  Fig.  2. 
then  s c a t t e r e d  i n t o  a cone of inelast ic  loss beams such as 6'' surrounding 
t h e  d i f f r a c t e d  e las t ic  beam. Since t h e  primary beam energy governs the  
d i f f r a c t i o n  i n  t h i s  model, th i s  type  of double process  w i l l  be designated 
The i n c i d e n t  beam 6 is  f i r s t  d i f f r a c t e d  i n t o  5' and is  
I . ,  
as 1. Note t h a t  t h e  l o s s  beam maxima coinc ide  wi th  those  of t h e  d i f f r a c t e d  




. .  . : 
. .  
A second type  of model, which was f i r s t  proposed by Turnbul l  and 
4 Farnsworth, is  shown for n o m a 1  inc idence  i n  Fig. 3 .  Here t h e  inc iden t  
. '  
beam E is  f i r s t  i n e l a s t i c a l l y  sca t t e red  i n t o  a cone about t he  f o n m r d  
d i r e c t i o n .  
and Eg', are then  s e l e c t i v e l y  d i f f r a c t e d  i n t o  r e spec t ive  bearns such as El'! 
and E2", which form a corresponding emergent cone (not shown). Since d i f -  
f r a c t i o n  is governed by t h e  energy of t h e  i n e l a s t i c  beams (sccocdary 
Cer ta in  cornponent beams i n  thi.s i n e l a s t i c  cone, such as E l '  
energy),  t h i s  type  of double process w i l l  be designated as 11. Because of 
. t he  d i f f e r e n c e  i n  length  of primary and secondary wave. vec to r s  t h e  emergent 
. *  
loss beams do n o t  gene ra l ly  approximate t h e  d i r e c t i o n  of the  d i f f r a c t e d  
elastic beam un les s  the  energy l o s s  is  small. However, they do co inc ide  
with t h e  p o s i t i o n  the  e las t ic  beam would have a t  t h e  corresponding primary 
energy and angle  of incidence.  If t h e  forward s c a t t e r i n g  cone is strong1.y 
concentrated about PI' one might expect  d i f f r a c t i o n  by t h e  r e c i p r o c a l  l a t -  
t ice rod ,  as i l l u s t r a t e d  by El",  i n  analogy wi th  elestic d i f f r a c t i o n .  
eve r ,  i f  t h e  cone is broad one might expect a type of d i f f r a c t i o n  more 
How- 
. .  
.c losely resembling R:!-.uchi l i n e  ph.en?mena. The beam. t2 .' , f o r  example, wlii'ch . 
s a t i s f i e s  t h e  cond i t ion  f o r  Bragg r e f l e c t i o n ,  can g ive  rise t o  t h e  component 
K " of a Kikuchi excess l i n e  assoc ia ted  with the  i n e l a s t i c  s c a t t e r i n g .  %2 
- .  
Although both  models can e a s i l y  inc lude  dynamical e f f e c t s  i n  t h e  d i f -  
f r a c t i o n  s t a g e  of t h e  double process ,  t he  assumed independence of t h e  d i f -  
f r a c t i o n  and i n e l a s t i c  s c a t t e r i n g  is b a s i c a l l y  a kinematic concept.  I n  
s p i t e  of t h i s  a r t i f i c a l  a s p e c t ,  t he  models o f f e r  a convenient b a s i s  f o r  
d i scuss ion  of present  r e s u l t s .  
A n  important d i f f e r e n c e  between I and I1 l i es  i n  t h e  f a c t  t h a t  i n  I1 
t h e  d i f f r a c t i o n  is d i s p e r s i v e  i n  t he  i n e l a s t i c  s c a t t e r i n g  whereas i n  I i t  
5 
. . : . .  
. .  -. . .  
t 
is no t .  
f e r e n t  energy l o s s e s ,  which appear a t  e s s e n t i a l l y  t h e  same d i f f r a c t i o n  
p o s i t i o n s  i n  I ,  may appear  i n  qu i t e  d i f f e r e n t  p o s i t i o n s  i n  11. 
s i o n  a s soc ia t ed  wi th  t h e  i n e l a s t i c  s c a t t e r i n g  event  m u s t ,  of course,  b e  
p r e s e n t  i n  both I and 11, but  t h i s  may be comparatively small. 
r e q u i r e s  coherence of the  i n e l a s t i c a l l y  s c a t t e r e d  e l e c t r o n s  so t h a t  a 
smaller incoherent  background would be expected t o  accompany 11. 
Thus f e a t u r e s  of t h e  i n e l a s t i c  s c a t t e r i n g  corresponding t o  d i f -  
The d i s p e r -  
Also ,  I1 
2.  Observations 
When t h e  c o l l e c t o r  is nea r  an elastic beam, r e t a rd ing - f i e ld  scans of 
t h e  e l e c t r o n  energy d i s  t r ibu t i 'on  i e n e r a l l y  show,' i n  agreement. wi th  previous 
observers, a s t r o n g  i n e l a s t i c  background s c a t t e r i n g  which inc reases  with 
dec reas ing  energy l o s s .  
observed b u t  t h e s e  f e a t u r e s  are usua l ly  broad and l a r g e l y  obscured by the  
Some evidence* of d i sc re t e - lo s s  s c a t t e r i n g  was 
background. 
i n t e n s i t y  as predic ted  by I was a l s o  observed. 
An i nc rease  of background i n t e n s i t y  with inc reas ing  e l a s t i c  
However, i n  some s i t u a t i o n s  
a d i s p e r s i v e  r e d i s t r i b u t i o n  of background energy wi th  varying c o l l e c t o r  
angle w a s  s een ,  i n d i c a t i n g  11. 
cesses near t h e  elas t i c  beam, tvo experimental  complicat ions were genera l ly  
a s s o c i a t e d  wi th  t h e  l a r g e  e l a s t i c  component. 
. *  
In  add-ition t o  t h i s  mixture of double pro- . . .  . .  . a. _ .  . . .  
- .  
One of these  was. a s l i g h t  
r e d u c t i o n  i n  c o l l e c t o r  r e so lu t ion ,  probably due t o  space charge d i s t o r t i o n  
of t h e  r e t a r d i n g  f i e l d  by t h e  r e l a t i v e l y  l a r g e  accumulation of r e t a rded  
e l e c t r o n s .  A more s e r i o u s  problem of apparent ly  
i n s t a b i l i t y  i n  t h e  c o l l e c t e d  cur ren t ,  which nade 
d i f f i c u l t  w i th in  2' of t h e  e l a s t i c  beam. 
Figure 4 shows the  resul ts  of a sequence of 
similar o r i g i n  was an 
i n e l a s t i c  measurements 
r e t a rd ing - f i e ld  scans  made 




bu t ion ,  where a loca l i zed  rise i n  c o l l e c t o r  cu r ren t  corresponds t o  a peak 
i n  t h e  energy spectrum. The sharp rise a t  zero  loss  r e s u l t s  from elast ic  
'and thenaal s c a t t e r i n g ,  while the more gradual  r i s e  which s h i f t s  (dished 
l i n e )  as t h e  primary energy is changed i s  a s soc ia t ed  with i n e l a s t i c  s ca t -  
t e r i n g .  I f  one compares t h e  r e l a t i v e  he igh t s  of t h e  i n e l a s t i c  r i s e  with 
the a i d  of t h e  tangent  l i n e s ,  a maximum is observed a t  a primary energy of 
about  54 e V  and a corresponding energy l o s s  of 10.5 eV measured from the  
midpoint of t h e  e las t ic  r i s e .  Scans a t  higher  p r i m a r y  energ ies  with the  
same c o l l e c t o r  s e t t i n g  reveal an  a d d i t i o n a l  l o s s  maximum a t  an energy l o s s  
of 22 eV. 
loss values repor ted  f o r  su r face  and volume loss maxima, r e s p e c t i v e l y ,  i n  
Each of t he  heavy s o l i d  curves r ep resen t s  an e l e c t r o n  energy d i s t r i -  
These va lues  are somewhat lower than the  12.5 and 23.5 e V  energy 
t h e  t o t a l  ~ c a t t e r i n g . ~  The d i f f e r e n t  average plasmon d i spe r s ion  r e s u l t i n g  
'from the l a r g e r  angular  d i s t r i b u t i o n  i n  the  t o t a l  s c a t t e r i n g  measurements 
c o u l d  account,  for t hese  differences. '  
ques t ionab le  regarding sample contamination and, fur thermore,  shows a l a r g e  
unexplained discrepancy with e l ec t ron  l o s s  measurements . concerning . .  t he  vol: 
ume loss. For these  reasons the i n t e r p r e t a t i o n  of t he  lo s ses  given i n  t h e  
to ta l  s c a t t e r i n g  study3 is adopted here .  
The o p t i c a l  d a t a  on tungsten' i s  
. .  
. -  . 
The observed s h i f t  of t he  i n e l a s t i c  rise i n  Fig.  4 over the  8 e V  range 
of primary ene rg ie s  shown amounts t o  6 . 5  e V ,  as compared t o  an 8 eV maximum L 
s h i f t  from d i f f r a c t i v e  d ispers ion  predic ted  by model I1 under the  folloiaing 
c o n d i t i o n s :  (1) i n f i n i t e l y  narrow s c a t t e r i n g  cone, and (2) i n f i n i t e  angular  
c 
r e s o l u t i o n ,  inc luding  zero c o l l e c t o r  acceptance angle  and zero th ickness  of 
the r e c i p r o c a l  l a t t i c e  rod. Departure from t h e s e  i d e a l  condi t ions  could 
7 
. e a s i l y  expla in  the  smalSer observed shift. The d i spe r s ion  con t r ibu t ion  
from s c a t t e r i n g  by the  su r face  plasmon, which should c o n t r i b u t e  t o  the  
curva ture  of t h c  dashed l i n e  of Fig. 4, is  evident ly  too smal l  t o  be de- 
I . t e c t ed  here .  L 
A search  f o r  l o s s  maxima was made i n  two azimuths of t he  d i f f r a c t i o n  
p a t t e r n  a t  normal incidence.  
p o s i t i o n  was held f ixed  and the other  va r i ed  f o r  each scan sequence. 
Resul t s  f o r  t he  11 azimuth are summarized i n  Fig. 5 ,  where observed maxima 
are compared i n  terms of c o l a t i t u d e  angle  and secondary energy, i .e.  p r i -  
mary energy minus energy l o s s .  
co inc ide  on t h i s  p l o t  i n  agreement with model I1 and, except f o r  some iso-  
l a t e d  maxima, form two i n e l a s t i c  11 beams running parallel  t o  the  11 elas- 
Ei ther  t he  primary energy o r  the c o l l e c t o r  
Surface and volume l o s s  maxima l a r g e l y  
t i c  beam. However, t h e  i n e l a s t i c  beams show a d e f i n i t e  s h i f t  t o  higher  
.energy and/or angle  r e l a t i v e  t o  the  normally inc iden t  e las t ic  beam, which 
is  i n  disagreement br i t11  I1 i f  the  s c a t t e r i n g  i s  symmetrical i n  t h e  forward 
direct i .on.  Although . t h e  o v e r a l l  s c a t t e r i n g  con t r ibu t ing  t o  all i n e l a s t i c  
beams must  sh'ow t h i s  symmetry at  normal incidence,  an asymmetric s c a t t e r i n g ,  
if compensated, can be  assoc ia ted  wi th  a p a r t i c u l a r  beam. This ,  however, 
imp l i e s  coupling between t h e  two elements 'of t he  double process .  Coupling 
between d i f f r a c t i o n  and i n e l a s t i c  s c a t t e r i n g  is  regarded as t h e  most plau- 
. .  . . .  
. .  
s i b l e  explana t ion  of t h e  s h i f t .  An explana t ion  on t h e  b a s i s  of d i f f e r e n t  
e f f e c t i v e  inne r  p o t e n t i a l s  f o r  the d i f f r a c t i o n  of e las t ic  vs .  i n e l a s t i c  
e l e c t r o n s  can be ru l ed  o u t ,  as  will be  shown. 
L i t t l e  evidence i s  found of beams a s soc ia t ed  with i n e l a s t i c  Kikuchi 
l i n e s ,  which might be expected with a wide s c a t t e r i n g  cone. I n  terms of 
F ig .  5 t hese  beams should l i e  along t h e  paths  followed by e l a s t i c  beam 
8 
maxima as t h e  angle  of 
a s soc ia t ed  beam is ind  
inc idence  is v a r i e d .  
ca t ed  by t h e  dashed 
shows l o s s  beam p o s i t i o n s  observed i n  the  0 1  
Such a path with a poss ib ly  
ne i n  the f i g u r e .  Figure 6 
azimuth r e l a t i v e  t o  the  02 
e las t ic  beam. 
with even less evidence f o r  i n e l a s t i c  Kikuchi beams. 
The r e s u l t s  a r e  e s s e n t i a l l y  t h e  same as f o r  t h e  11 azimuth 
Measurement of t he  i n e l a s t i c  s c a t t e r i n g  cone angle  i n  the  p lane  of a 
given azimuth Is c o q l i c a t e d  by the dispersiorz and by diffractec! i n t e n s i t y  
v a r i a t i o n s  along t h e  r e c i p r o c a l  l a t t i c e  rod. However, t he  s c a t t e r i n g  cone 
anglemormal  t o  the-az imuth  plane should be d i r e c t l y  r e l a t e d  t o  t h e  cor res -  
ponding cone angle  of t h e  observed l o s s  beams. Accordingly, r e t a r d i n g  
f i e l d  scan sequences of t h e  11 and t h e  02 l o s s  beams were made ac ross  t h e i r  
r e spec t ive  azimuths,  and t h e  angles subtended by t h e i r  half-maximum in ten-  
s i t y  cones were determined without co r rec t ion  f o r  ins t rumenta l  broadening 
e f f e c t s .  
r e s p e c t i v e l y ,  both gave a v a l u e  of roughly 6 O ,  while  t h e  corresponding 02 
The 11 loss  beams measured a t  80 and 70 e V  primary ene rg ie s ,  
beams measured a t  65 and 55 e V ,  r e spec t ive ly ,  gave a va lue  of toughly 8 ' .  
No s i g n i f i c a n t  d i f f e r e n c e s  were noted between t h e  s u r f a c e  and.volume l o s s  
angular  d i s t r i b u t i o n s .  
dependence appropr i a t e  t o  t h e  present  experimental  cond5tions is i n  progress ,  
b u t  va lues  are n o t  y e t  a v a i l a b l e  f o r  comparison. 
A t h e o r e t i c a l  c a l c u l a t i o n  of the  s c a t t e r i n g  angular  
8 
By simultaneously vary ing  the  primary energy and c o l l e c t o r  p o s i t i o n ,  i t  
is p o s s i b l e  t o  t r a c k  a loss beam i n  a sequence of r e t a rd ing - f i e ld  scans.  The 
varying i n t e n s i t y  of t h e  loss beam i n  t h i s  sequence provides  an i n t e n s i t y  vs.  
vo l t age  curve  f o r  t h i s  beam. Figure 7 compares t h e  observed-peaks i n  such 
curves f o r  t h e  11 s u r f a c e  and volume loss beans wi th  the  11 elast ic  curve.  




is good--too good i n  f a c t  t o  pe rmi t  explana t ion  of t h e  anomalous s h i f t  i n  
loss beam p o s i t i o n s  as an inner -poten t ia l  e f f e c t .  Figure 8 shovs s imilar  
r e s u l t s  for  t h e  02  beams, again with gene ra l ly  good agreement of peak posi-  
tions. 
essential  s i m i l a r i t y  of t he  e l a s t i c  and i n e l a s t i c  d a t a  is i n  suppor t  of 11, 
Although a few poss ib ly  important d i f f e r e n c e s  are apparent ,  t h e  
at least as a f i r s t  approximation. 
The similari t ies apparent i n  Figs .  7 and 8 
t e r i n g  s t u d i e s  may have an important bear ing  on 
This would not . tic i n t e n s i t y  v s .  vo l t age  da ta .  
suggest  t h a t  plasmon scat- 
t h e  i n t e r p r e t a t i o n  of e l a s -  
be t h e  case i f  t h e  scatter-. 
l 
ing w e r e  predominantly by image forces  b e f o r e  pene t r a t ion ,  as Heidenreich 
has proposed f o r  f a s t  e l ec t rons  ,’ s i n c e  e l a s t i c  and i n e l a s t i c  i n t e n s i t y  v s .  
v o l t a g e  d a t a  would then  con ta in  b a s i c a l l y  t h e  same information regarding 
d i f f r a c t i o n .  
s c a t t e r i n g  and d i f f r a c t i o n  and minor d i f f e r e n c e s  which appear i n  t h e  last  
However, the  present  evidence f o r  coupling between i n e l a s t i c  
two f i g u r e s  doBnot favor  t h i s  i n t e r p r e t a t i o n .  
with vary ing  su r face  condi t ions  are  needed t o  explore  t h i s  i n t e r e s t i n g  
More d e f i n i t i v e  experiments 
I 
’ .  . . . .  . p o s s i b i l i t y .  . .  
. -  
* SUMMARY. 
The double process of e lec t ron  s c a t t e r i n g  by plasmons and subsequent 
4 
d i f f r a c t i o n  has  been inves t iga t ed  a t  low ene rg ie s  on a tungsten (110) sur -  
face. 
plasmon losses , and showing d i f  f r a c t i v e  d i spe r s ion ,  were found to  accompany 
an elast ic  beam. 
t h e o r y  of s c a t t e r i n g  by plasmons must  i nc lude  coupling of t he  s c a t t e r i n g  
With d i f f r a c t i o n .  
- 1  
~ 
Two well-defined i n e l a s t i c  beams corresponding t o  prev ious ly  observed 
The pos i t i on  of t h e  l o s s  beams i n d i c a t e  t h a t  an adequate 
I n t e n s i t y  V S .  vol tage  c h a r a c t e r i s t i c s  of t h e  1oss.beams 
10 
. .  . 
.. . .  . 
were s-ud-nd and were found t o  
. .  . . : . .  
e similar t o  those  of t h e  a s soc ia t ed  elas- 
t i c  beam when p l o t t e d  as a func t ion  of secondary energy. 
on t h e  b a s i s  of t h e  double process wi th  dynamical d i f f r a c t i o n .  
a p p l i c a t i o n  of t h e  present  r e s u l t s  i nc lude  s t u d i e s  of electron-plasmon i n t e r -  
This  is expected 
Poss ib l e  
a c t i o n  a t  low energ ies  and a d d i t i o n a l  information on LEED i n t e r p r e t a t i o n s .  
ACKNOtJLEDGMENTS 
Gra te fu l  acknowledgments are due t o  D r .  E.  Bauer f o r  many h e l p f u l  
d i scuss ions  and f o r  reviewing t h e  manuscript;  a l s o  t o  Dennis K .  Burge f o r  
c a l l i n g  a u t h o r ' s  a t t e n t i o n  t o  t h e  o p t i c a l  da ta .  
i n  p a r t  by t h e  Nat iona l  Aeronautics and Space Adminis t ra t ion under Contract  
. I  . '  
This  work was supported 
NO. R-05-030-001. 
. .  
- 
* -. . .  . . * .  * .  




. .  . * _  . .  




Paul  P. Reicher tz  and 11. E. Farnsworth, Phys. Rev. 75, 1902 (1949). 
R.. M. S t e r n ,  Appl. Phys. L e t t e r s  5 ,  218 (1964). 
L. N. Tharp and E. J. Scheibner, J. Appl .  Phys. E, 3320 (1967). 
-
- 
4. John C. Turnbul l  and €1. E. Farnsworth, Phys. Rev. 54, 509 (1938). -




C. Davisson and L ,  H .  Germer, Phys. Rev. 30, 705 (1927). 
H. Raether ,  i n  Springer  T r a c t s  i n  Modern Physics  (Springer-Verlag, 
Berl in ,  1965), Vol. 38, p. 140. 
-
-
8.  E. Bauer, p r i v a t e  communication. 
9 .  R. D. Meidenreich, J. Appl. Phys. 3, 964 (1963). 
. 
. .  . .  
12 
. *  . . .  . .  . . .  
. ... . -. . . 





. .  . .  . . .  
. -  
- Tig .  1.' Schematic of the diffractometer. The electron 
gun is shown rotated 90" relative to the rest of the 
apparatus. 
. * .  . 
. .  
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TYPE I DOUBLE PROCESS 
. .  
-- ~ 
Fig. 2 .  The model of Davisson and Germer for combined d i f -  
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I 
TYPE II DOUBLE PROCESS 
--_ 
) . ' .  . . .  
Fig; 3. The model of Turnbull and Farnsworth for 'combined 
diffraction and inelastic scattering. 
.. .. 
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SURFACE LOSS B E A M  
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Fig.  4. 
loss beam. 
Retarding-field scan sequence through a surface 
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SECONDARY ENERGY (ev) 
0 .  ' =. 
Fig .  5.  -Dis tr ibut ion i n  secondary energy and co ia t  f tude 
angle of loss beams at  normal incidence i n  the 11 .azimuth.. 
The 11 e l a s t i c  beam a t  normal and 10' incidence i s  shown 
. for comparison. 
. .  
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Fig. 6 .  Distribution 'in secondary energy and colat i tude  
angle of l o s s  beams at  normal incidence i n  the 01 azimuth. 




. .  
. 
. .  
. .  . .  
. .  








r O  4 0  80 120 
_.. ELECTRON, SECONDARY ENERGY ' (eV)  . . . .  
. .  
F i g .  7 .  
loss beams compared i n  terms of secondary energy. 
heights of the triangles indicate maximum col lector  s ignal  
at peaks i n  the l o s s  beams. Bases of the triangles indicate 
uncertainty i n  peak positions.  A l l  measurements were made 
at normal incidence. 
Intensity VS.  voltage features of 11 e l a s t i c  and 
The 
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F i g .  8 .  
loss beams compared i n  terms of secondary energy. 
have the same signif icance as  i n  Fig. 7 .  
were made at normal incidence. 
Intensity vs .  vpltage features of 02 e las t i c  and . 
A l l  measurements 
Triangles 
- .  
